Semiconductor films of organic, doped dimetallophthalocyanine M 2 Pcs (M = Li, Na) on different substrates were prepared by synthesis and vacuum evaporation. Tetrathiafulvalene (TTF) and tetracyanoquinodimethane (TCNQ) were used as dopants and the structure and morphology of the semiconductor films were studied using IR spectroscopy, X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS). The absorption spectra recorded in the ultraviolet-visible region for the deposited films showed the Q and Soret bands related to the electronic π-π* transitions in M 2 Pc molecules. Optical characterization of the films indicates electronic transitions characteristic of amorphous thin films with optical bandgaps between 1.2 and 2.4 eV. Finally, glass/ITO/doped M 2 Pc/Ag thin-film devices were produced and their electrical behavior was evaluated by using the four-tip collinear method. The devices manufactured from Na 2 Pc have a small rectifying effect, regardless of the organic dopant used, while the device manufactured from Li 2 Pc-TCNQ presents ohmic-like behavior at low voltages, with an insulating threshold around 19 V. Parameters such as the hole mobility (µ), the concentration of thermally-generated holes (p 0 ), the concentration of traps per unit of energy (P 0 ) and the total trap concentration (N t(e) ) were also determined for the Li 2 Pc-TTF device.
Introduction
The field of optoelectronics has been recently evolving towards the substitution How to cite this paper: Sánchez-Vergara, M.E., Osorio-Lefler, S., Osorio-Lefler, P. as ZnPc [7] , CoPc [8] [9] , FePc and NiPc [9] . On the other hand, relatively little work has been reported regarding those MPcs, including alkali metals. There are publications about LiPc, but they mainly focus on thin-film preparation and morphology [10] [11] . Few reports have been published regarding their optoelectronic properties [12] . Additionally, most of the MPcs occur in at least three different crystalline structures, the metastable α, the β and the χ polymorphs [11] . LiPc is distinct from other MPcs in that it shows a peculiar polymorphism in powders and thin films. LiPc occurs in the χ and α polymorphs, depending on the synthesis route used for powder growth or on the substrate temperature used in thin-film deposition [11] . The χ structure of LiPc is tetragonal, while α structure shows a monoclinic unit cell, both structures being responsible for LiPc's optoelectronic properties. Important modifications of the optical spectra in the Q-band domain have been reported as a consequence of the χ → α phase change [11] . For LiPc, the Q-band can be observed in the visible region and is assigned to the π-π* electronic transition, so it is very important to take into account the crystalline structure of the molecule and the changes it goes through during thin-film manufacture. One of the objectives of this work was to develop four devices through the synthesis and analysis of the structure and to evaluate the optoelectronic properties of doped alkali M 2 Pcs, using disodium and dilithium in order to determine their employability as organic semiconductors. As mentioned earlier, rather few studies have been conducted on LiPc optoelectronic properties and even less on NaPc. This work not only includes the analysis of the effect of alkaline atoms on the macrocycle center, but also discusses whether the presence of two central atoms extends the conduction channels for charge transport Advances in Materials Physics and Chemistry in the material [13] . M 2 Pc (M = Li, Na) behavior as p-type or n-type semiconductor in optoelectronic devices is also evaluated in this work, as is well known that some Pcs can behave as both semiconductor types. To accomplish these objectives, tetrathiafulvalene (TTF) and tetracyanoquinodimethane (TCNQ) were used as dopants and the doped semiconductors were deposited as thin films, which were structurally characterized and whose optoelectronic properties were evaluated. TTF and TCNQ were chosen as dopants because they are flat molecules that can form molecular blocks. They also have π orbitals located in such a way that permits interaction with the M 2 Pcs and provides the capability to give (TTF) or accept (TCNQ) π electrons with a low energetic cost, in such a way that the resulting energy bands can be partially occupied. Valence electrons in TTF and TCNQ are located above and below the medium plane of the molecule in delocalized π orbitals. It is worth mentioning that this type of flat molecules has a preferential stacking direction, which means that materials derived from them have an anisotropic conductivity and can be described as "quasi one-dimensional", the conductivity being much larger in the stacking direction than in the other directions within the material.
Experimental Methods
This study was carried out according to the methodology shown in the diagram of Figure 1 . First, M 2 Pc (M = Na, Li) was doped with TTF and TCNQ through a simple reflux reaction. Subsequently, the doped semiconductors were evaporated in high vacuum in order to produce thin films from each material. Vacuum evaporation is a physical method that involves vapor production from low-pressure sublimation of the semiconductor source in powder form. The vapor thus generated is transported from the source to the substrate surface at room temperature, where it condenses and forms a solid film on the substrate's surface [14] .
Thin-film production is of particular interest, as microelectronic solid-state devices are generally formed by thin-film semiconductor structures. The product was filtered, washed and dried in vacuum. The decomposition temperature of each material was measured to verify that it can be deposited as a thin film using the vacuum evaporation technique, where the temperature of the semiconductor is raised to the sublimation point [14] .
SMA. FT The thin films were deposited onto different substrates in order to obtain their electrical and optical properties: indium tin oxide (ITO) coated glass slides, high-resistivity monocrystalline n-type silicon wafers (c-Si), quartz and Corning glass. Substrates were submitted to a sonication cleaning process and dried in vacuum. The deposition process took place using an evaporation equipment with a molybdenum boat. The evaporation rate (0.3 Å/s), temperature (298 K) and pressure (1 × 10 −5 Torr) in the vacuum chamber were the same for all the deposition processes. During the deposition processes, the films' thicknesses were monitored with a quartz crystal monitor. For Scanning Electron Micro-scopy (SEM), a ZEISS EVO LS 10 scanning electron microscope was coupled to a Bruker Energy Dispersive X-Ray Spectroscopy (EDS) system and operated at a voltage of 20 kV and a focal distance of 25 mm, using thin films on glass substrate. IR spectroscopy was carried out in order to determine whether thermal evaporation produced chemical changes and to ascertain the presence of the representative functional groups in MPc, TTF and TCNQ. During thin-film deposition, stress in the samples may cause slight displacements in the spectrum signals. Nevertheless, no chemical degradation of the material would be expected. IR spectroscopy is also carried out with the purpose of detecting thin film impurities that could affect charge transport in the material. FT-IR analysis for the infrared absorption spectra of the pellets and the films deposited on silicon wafers was carried out with a Nicolet iS5-FT spectrometer. The films deposited on the silicon wafers were subject to X-ray diffraction analyses using the θ -2θ technique, in a Rigaku Dmax 2100 diffractometer (Cu Kalpha1/Kalpha2 = 1.5406/1.5444 Å); scan 2theta: 1˚ -80˚, step size = 0.02˚ and step time = 0.3 s. The optical absorption of the films built on quartz substrates was measured with a Unicam spectrophotometer, model UV300, in the wavelength range of 200 -1100 nm. Finally, the electrical behavior of the thin-film devices was evaluated by using the four-tip, or four-probe, collinear method with equal spacing and in-line over the films. Figure 2 shows the scattered heterojunction structure of the devices, described as follows: DSMA = glass/ITO/Li 2 Pc-TTF/Ag, DSMB = glass/ITO/Na 2 Pc-TTF/Ag, DSMC = glass/ITO/Li 2 Pc-TCNQ/Ag and DSMD:
glass/ITO/Na 2 Pc-TCNQ/Ag. For all of them, ITO acts as the anode, while the doped material is the cathode. Silver electrodes are to form ohmic contacts to the ITO and doped M 2 Pcs. Electrical properties were measured using a sensing station with a lighting-and temperature-controller circuit from Next Robotix and an auto-ranging Keithley 4200-SCS-PK1 pico-ammeter. It should be mentioned that, in order to determine the effects of TTF and TCNQ, a simple glass/ITO/TTF-TCNQ/Ag device was produced for which the optical and electrical behavior (while changing the polarity of the electrodes) was measured.
This allowed us to check the effect of TTF as a π-electron donor, and the TCNQ as a π-electron acceptor.
Results and Discussion

Thin Film Characterization
First, we examined the effect of deposition conditions on thin films and made a morphological characterization by SEM and EDS, whereas film structural evolution was monitored by IR spectroscopy and X-ray diffraction (XRD). SEM was carried out on thin films over glass to determine their morphology. The SEM micrograph (see Figure 3) shows that the SMA film has a heterogeneous distribution of elongated grains of around 2 μm in size on a uniform layer of material. Apparently, the semiconductor deposition took place in two stages: 1) in the first one, the material was deposited directly over the substrate at room temperature, forming a homogeneous layer and 2) in the second stage, the rest of the material Advances in Materials Physics and Chemistry that was still in the process of evaporation came into contact with the previously-deposited layer at above-room temperature. Due to the thermal gradient decrease during this second deposition, additional nuclei slowly grew into grains of a considerable size. These results are relevant because film defects, such as grains and impurities, can affect charge transport throughout the material. Efficient charge transport requires that charges move quickly from one molecule to another, rather than being trapped or dispersed. The presence of grains and impurities can also affect molecular stacking, which is a key factor in mobility, leading to charge carriers moving through low-and even zero-conductivity paths. On the other hand, in the SMB and SMD thin films in Figure 3 [19] . It is also possible to identify from IR spectroscopy the different crystalline structures α and β in the Pcs [19] . The α-form can be characterized by a band around 720 cm −1 , while the β-form can be characterized by two bands around 730 and 778 cm −1 [20] . From these studies, we can determine the phase and any significant chemical changes which may occur in these materials during thermal evaporation. In Table 1 and Figure 4 , it can be observed that the S M A and SMC semiconductors originally showed both the α-form and the β-form, and both crystalline forms remain after thin film deposition. Their orientations are characterized by a herringbone structure, the main differences between them being the molecular overlapping areas in the thin films. In α type, molecular orientation is in the direction normal to the substrate surface, whereas the β molecules lie perpendicular to the substrate surface [21] .
On the other hand, in the SMB and SMD materials, an amorphous structure is found in both semiconductor films. Figure 5 shows the XRD patterns of the films deposited on silicon wafers. The background due to scattering from the silicon substrate has been subtracted. According to the results obtained by IR spectroscopy, there is only some degree of crystallinity for the SMA and SMC films and an amorphous structure for the SMB and SMD films. For SMA, a broad signal around 23˚ is observed, which is indicative of the partial amorphous character of this structure [22] , the diffraction peak around 15˚ corresponding to the β phase [23] . On the other hand, the SMC film has the distinctive features of the M 2 Pc polymorphous structure, characterized by a single harp reflection at 2θ of 6.9˚ [21] . This peak arises from the interlayer spacing of stacks of tilted molecules and this peak is the result of an α structure corresponding to the monoclinic system of the M 2 Pc doped crystals [21] . Figure 5 thus indicates the . The distinction concerns the relative positions of the minimum conduction band and the maximum valence band energies. In a material with direct bandgap, both conditions occur for the same crystal momentum so that, during the transition, the electron shifts from the low energy band to the high band by absorbing or releasing a photon. In an indirect bandgap material, the minimal conduction band energy does not occur at the same crystal momentum as the maximal valence band energy, being instead located at the edge area or next to it. During the transition, it is not possible for the electron to shift between the valence and conduction bands by only absorbing or releasing a photon; the transition should rather involve a phonon to ensure momentum conservation [24] . The obtained optical bandgap values are provided in Table 1 , and although it is observed that the curves show a similar behavior for all films, for indirect transitions there is a slight decrease in the optical bandgap, due to the mainly amorphous morphology of the films. It is important to mention that all films present a bandgap in the range expected for organic semiconductors [25] , being the SMB and SMD films those with the lower bandgap. This may be Advances in Materials Physics and Chemistry The spectral properties of the M 2 Pc are caused by an aromatic, cyclic conjugated 18-π-electron system. Pcs have two characteristic, strong and broad, electronic bands: the B-band in the near UV region, and the Q-band on the red side of the spectrum. Figure 7 shows the UV-vis spectra of the SM films in quartz; a peak is observed in the UV-vis spectra, around 533 nm for SMA and SMC thin films with lithium in the macrocycle and around 606 nm for SMB and SMD thin films with sodium in the Pc center. This peak corresponds to the MPcs Q-band, assigned to the first π-π* transition on the Pc macrocycle [20] [22] . The Q-band is localized on the Pc ring and is sensitive to the molecular environment [20] . On the other hand, it can be seen from the spectra that all the SM films have their Advances in Materials Physics and Chemistry 
Device Characterization
In order to evaluate the behavior of the semiconductor films within an electronic to find the effects of the different dopants on their behavior and to evaluate the differences that arise from using disodium versus dilithium. current density, and it also has the lowest optical bandgap (see Table 1 ), although the DSMD device permits a higher number of electronic transitions. The rectifying-like behavior of the SMB and SMD devices could be attributed to the addition of dopants during the synthesis process. This process leads to the formation of a homogeneous material with a behavior resembling that of a p-n junction. DSMB's larger conductivity could be attributed to the formation of alternative paths for carrier conduction when doping a p-type organic semiconductor with TTF, as has been reported in previous studies [28] . On the other hand, DSMD's behavior could also be related to the fact that, as has been demonstrated in other studies, TCNQ doping of p-type semiconductors, such as Na 2 Pc, could turn them into n-type semiconductors [29] [30]. The smaller conductivity of DSMD in this work suggests a partial compensation of the p-type semiconductor with n-type material, leading to a reduction in charge carrier concentration.
Unlike the results obtained for the Na 2 Pc devices, the Li 2 Pc results (DSMA and DSMC) show a symmetrical behavior with respect to the origin in their J-V curves. Unlike DSMD and DSMB, which behave as partial rectifiers, the Li-based semiconductors have nonlinear, discontinuous conductivities. This behavior should clearly be attributed to the different central atom of the MPcs' macrocycle ring [31] . Based on this fact, the analysis of the J-V curves in Figure 10 focuses on the electrical properties of the materials as organic semiconductors. Advances in Materials Physics and Chemistry 
where, in addition to the previously defined parameters, e is the electronic charge, V is the voltage applied to the film and d is the film's thickness. For the SCLC region, the equation for current density determination takes into consideration other factors [31] [32]:
N v being the effective density of states in the valence band, ε 0 the vacuum permittivity, ε the dielectric constant of the material, and k the Boltzmann constant. T L is the temperature parameter characterizing the trap distribution and l is the slope in the ohmic regime zone, which can be obtained from dividing T L by the local temperature. The films' dielectric constant was obtained from [33] :
Advances in Materials Physics and Chemistry where C is the film's capacitance, determined from results obtained by Dumm et al. [12] for Li 2 Pc and A is the device's transversal area. Finally, the total trap concentration is given by [32] :
The concentration of thermally-generated holes was obtained from Equation (1), hole mobility and concentration of traps per unit of energy were calculated from Equation (2) and the total trap concentration from Equation (4) . Results shown in Table 2 [28] . SCLC behavior is corroborated by comparison of the results to those found in the literature. The occurrence of an SCLC regime opens the possibility for this organic semiconductor to be used in special applications requiring this electrical property. Finally, the electrical behavior of the glass/ITO/TTF-TCNQ/Ag system was evaluated to determine the donor-acceptor ability of the dopants and their effect in the M 2 Pcs. As shown in Figure 11 , the behavior in the −4 to 4 V range is that of an electrical conductor, regardless of the applied polarity [38] [39] . It is worth mentioning that, at voltage magnitudes above 4 V, there is a sharp transition to an insulating behavior. From this, it is possible to deduce that the electrical behavior of the DSM considered in this study is determined by the central metallic atoms in the M 2 Pcs, with a rectifying-like behavior when the molecule contains sodium. The relatively lower conductivity values of DSMB and DSMD may be related to the chemical interaction of the sodium atoms with the macrocycle, where charge transfer could be high enough to block the free motion of electrons, because of the larger size of the central atom and the use of TTF dopant [38] . On the other hand, the effect of lithium in DSMA and DSMC is enhanced by the use of the TCNQ dopant; the small size of the lithium atoms, combined with the presence of sulfur in TTF, could lead to anisotropic interactions [38] , which themselves enhance the onset of the SCLC regime in DSMA. 
Conclusion
Organic M 2 Pcs (M = Li, Na) semiconductors using TTF and TCNQ as dopants were prepared. Thin films of these semiconductors were deposited by high vacuum thermal evaporation, which is an adequate technique to prepare thin films of high purity and to manufacture heterojunction devices without chemical decomposition of the organic semiconductors that compose them. Organic semiconductor thin films as deposited by evaporation have an amorphous structure.
The structural disorder in the film will affect the electronic structure of the sem- 
